Context: Animal models and human studies suggest that osteocytes regulate the skeleton's response to mechanical unloading in part by an increase in sclerostin. However, few studies have reported changes in serum sclerostin in humans exposed to reduced mechanical loading.
R
educed mechanical loading of the skeleton is invariably associated with muscle atrophy and bone loss. Bone loss is observed clinically after prolonged bed rest, immobilization, stroke, and spinal cord injury (1) (2) (3) (4) (5) (6) . In addition, microgravity leads to profound muscle atrophy and bone loss in astronauts (7) . The precise mechanisms underlying disuse-induced bone loss are incompletely understood. Previous bed rest studies have reported that bone loss at weight-bearing skeletal sites is accompanied by decreased serum PTH, along with increased urinary calcium excretion and bone resorption markers; however, the precise mechanisms underlying these changes remain unknown.
Osteocytes play a key mechanosensing role, modulating bone modeling and remodeling by orchestrating the activity of osteoblasts and osteoclasts (8) . At the molecular level, osteocytes regulate the bone's response to mechanical loading by at least two key molecules, sclerostin and receptor activation of nuclear factor-␤ ligand (RANKL) (8, 9) . Mature osteocytes are one of the few cells that postnatally produce the protein sclerostin, a product of the gene SOST (10, 11) . Sclerostin has been shown, both in vitro and in vivo, to inhibit bone formation, in part through competing with Wnt for the LRP4/5/6 receptor to reduce osteoblast proliferation and differentiation (12) . Consistent with the negative effect of sclerostin on bone formation, transgenic mice overexpressing SOST are osteopenic (13), whereas SOST-null animals have high bone mass (14) , similar to the human conditions of Van Buchem disease and sclerosteosis. Importantly, the SOST/sclerostin pathway has been implicated in the response of bone to mechanical loading in murine models because increased skeletal loading reduces SOST expression, whereas decreased mechanical loading increases it (15) . Furthermore, SOST-null animals are resistant to disuse-induced bone loss (14) . An alternate mechanism by which osteocytes respond to altered mechanical loading is suggested by the observation that osteocytes are a major source of the osteoclastogenic cytokine RANKL (8) , and further, that mice lacking RANKL in osteocytes are protected from bone loss induced by hindlimb unloading (9) .
Despite evidence of several molecular mechanisms by which osteocytes may regulate the response to mechanical loading in animal models, little is known about how osteocytes orchestrate skeletal adaptation to mechanical unloading in humans. In a cross-sectional study, older women who had suffered a stroke 10 months beforehand had 3-fold higher serum sclerostin levels than agematched, fully ambulating controls (4), consistent with the notion that sclerostin levels increase in response to mechanical unloading. Yet, men with unloading due to chronic spinal cord injury (mean Ϯ SD, 22.4 Ϯ 11.2 yr) have lower sclerostin levels than ambulating control subjects (6) . To address a gap in the literature with regard to the acute response to unloading, we evaluated the longitudinal changes in serum sclerostin levels in healthy men that participated in a 90-d, controlled bed rest study, with the hypothesis that acute unloading would lead to an increase in serum sclerostin.
Subjects and Methods

Subjects
Seven healthy men were recruited by the National Aeronautics and Space Administration (NASA) Johnson Space Center (JSC) to participate in a 90-d bed rest experiment. Eligibility included physically fit men between the ages of 25 and 55 yr who were not taking prescribed medication that would interfere with physiological measurements. Mean (ϮSD) age of the participants was 31 Ϯ 3 yr (range, 28 -36 yr). Mean (ϮSD) height, weight, and body mass index of subjects were 183 Ϯ 6 cm, 88 Ϯ 12 kg, and 26 Ϯ 2.8 kg/m 2 , respectively. Mean dietary calcium and vitamin D intake were fixed at 1674 Ϯ 251 mg/d and 384 Ϯ 72 IU/d, respectively. Subjects were continuously monitored via remotecontrolled cameras and remained in 6°head down tilt for 90 d with controlled nutrition, water intake, day-night cycles, ambient room temperature, and in-bed hygiene. Daily vital sign measurements were collected. Additional details regarding the University of Texas Medical Branch (UTMB)-NASA bed rest protocol can be found in prior publications (1) (2) (3) 5) . Although some data from these studies have been published, the data from these individuals are being reported herein for the first time. The institutional review boards of both NASA JSC and UTMB approved the study protocol, and all subjects gave written informed consent.
Serum sclerostin and bone turnover markers
Serum (fasting, 0630 h collection) and urine samples were collected at two pre-bed rest time points (10 and 3 d before bed rest) and at bed rest d 28 (BR-28), bed rest d 60 (BR-60), and bed rest d 90 (BR-90). For all serum and urine markers, the results from the two pre-bed rest measurements were averaged to provide a baseline (BL) value for each subject. In addition, urinary collections were normalized to a 24-h time period at each time point.
Serum sclerostin levels were assayed in duplicate using an ELISA kit (ALPCO/Biomedica, Salem, NH). All sclerostin samples were assayed with a single assay. The intraassay variability as reported by the manufacturer is 5%. We also measured markers of bone metabolism, including serum PTH, 25 (OH) vitamin D, and 1,25 (OH) 2 vitamin D; serum markers of bone formation [bone-specific alkaline phosphatase (BSAP) and osteocalcin]; serum markers of osteoclast activity [soluble RANKL, osteoprotegerin (OPG)]; urinary calcium and phosphorus excretion; and urinary markers of bone resorption [N-terminal telopeptide (NTX), deoxypridinoline (DPD), pyridinium crosslinks (PYD)], using previously reported methods (2).
Bone mineral density (BMD)
Areal BMD (grams per square centimeter) was measured by dual-energy x-ray absorptiometry (DXA Hologic Discovery; Hologic Inc., Bedford, MA). BMD of the whole body, lumbar spine, averaged left and right hips, heel, and forearm was assessed at BL and repeated at BR-60 and 5 d after the end of the bed rest period (BRϩ5). One subject was lost to follow-up at BRϩ5. BMD measurements for each subject reported are the mean of triplicate scans.
Statistical analyses
All data are summarized by mean Ϯ SD unless otherwise specified. All data were analyzed with repeated-measures ANOVA. Analyses were performed with SAS 9.2 (SAS Institute Inc., Cary, NC) using the proc mixed procedure with an autoregressive covariance structure. Given the small sample size, a two-sided ␣ of 0.10 for the overall ANOVA model was accepted as significant to proceed to prespecified pairwise comparisons of specific time points vs. BL (BL vs. BR-28, BR-60, and BR-90), for which twosided ␣ of 0.05 was considered significant.
Results
Serum sclerostin and PTH
Serum sclerostin increased after bed rest in all subjects (Fig. 1) . Specifically, serum sclerostin levels increased above BL at BR-28 (ϩ29 Ϯ 20%; P ϭ 0.003) and appeared to plateau in most subjects at BR-60 (ϩ42 Ϯ 31%; P Ͻ 0.001). Sclerostin levels remained mildly elevated at BR-90, although this result did not reach statistical significance (ϩ22 Ϯ 21%; P ϭ 0.07). In contrast, serum PTH levels declined at BR-28 (Ϫ17 Ϯ 16%; P ϭ 0.02) and BR-60 (Ϫ24 Ϯ 14%; P ϭ 0.03), remained reduced at BR-90 (Ϫ21 Ϯ 21%; P ϭ 0.14), but did not reach statistical significance.
Serum and urinary markers of bone turnover
As summarized in Table 1 , urinary levels of bone resorption markers (NTX, DPD, PYD) increased significantly compared with BL at all time points. Urinary calcium excretion was also significantly increased throughout the study, whereas urinary phosphorus levels were elevated at BR-28 and BR-60 (P Ͻ 0.005 for both), with a return to BL at BR-90. Serum bone formation markers (serum BSAP, osteocalcin), serum RANKL, OPG, and the RANKL/OPG ratio did not change. 25 (OH) vitamin D was above BL at all time points (P Ͻ 0.005), whereas 1,25 (OH) 2 vitamin D was significantly lower than BL at BR-28 (Ϫ13%; P Ͻ 0.05) and tended also to be lower at BR-60 (P ϭ 0.06) and BR-90 (P ϭ 0.07).
Bone mineral density
Subjects had normal BMD because BL Z-scores at the distal radius, lumbar spine, total hip, and femoral neck were 0.2 Ϯ 0.7, Ϫ0.6 Ϯ 1.0, 0.2 Ϯ 1.0, and 0.0 Ϯ 1.3, respectively. BMD declined significantly at BR-60 and BRϩ5 at all weight-bearing skeletal sites, including the 
Discussion
We found that in healthy men exposed to bed rest, serum sclerostin levels increased significantly by as early as 1 month and remained elevated for another month. Consistent with prior bed rest studies (3), serum PTH declined, urinary calcium and bone resorption markers increased, and BMD decreased at weight-bearing sites. There were no detectable changes in serum markers of bone formation. Our observation of increased serum sclerostin after bed rest is consistent with previous reports of elevated sclerostin levels in animal and human models of disuse (4, 15) . A prior cross-sectional study reported that 10 months after suffering a stroke, postmenopausal women (mean age ϭ 80 yr) had 3-fold higher serum sclerostin levels than agematched healthy controls (4). In comparison, in the current longitudinal study (subject mean age ϭ 36), the maximum increase in serum sclerostin levels was ϩ42% vs. BL at BR-60. Several differences between these two studies may have contributed to the different magnitudes of sclerostin increases after disuse, including: 1) we assessed the longitudinal response to acute mechanical unloading, whereas the study of stroke patients was a crosssectional study of long-term disuse; 2) we enrolled healthy young men, whereas the stroke study examined elderly postmenopausal women; and 3) we studied strictly controlled bed rest, whereas activity levels of the stroke patients were more variable. Our data also differ from a previous cross-sectional study in middle-aged men with chronic spinal cord injury, in whom sclerostin levels were lower than normally ambulating age-matched controls (6) . However, the increase in serum sclerostin that we observed supports a conceptual model where serum sclerostin rises acutely and then is suppressed in the chronic bonewasting phase (6) . Clearly, additional human studies are needed to better define the time course of changes in serum sclerostin in response to disuse, to address whether there is a neurological component to its regulation, and to test the efficacy of sclerostin antibody treatment in the setting of acute-onset, disuse-induced bone loss.
Decreased levels of serum PTH accompanied the increases in serum sclerostin after bed rest, presumably driven by a transient increase of serum calcium levels by bone resorption and a measured increase in urinary calcium. In animal models, PTH decreases sclerostin expression via activation of the PTH receptor expressed on osteocytes (16) . Furthermore, there is an inverse correlation between PTH and sclerostin in male hypothyroid subjects (17) , and PTH infusion in healthy men induces a decline in serum sclerostin levels (18) . However, we cannot determine whether the reduction in PTH levels is driving the observed increase in sclerostin or whether sclerostin increases in disuse due to non-PTH-mediated mechanisms. To answer this question, future bed rest studies could employ more frequent measures of serum calcium, sclerostin, and PTH to more precisely define the time course of changes in each. Also, blocking the increase in serum calcium, perhaps by administration of an antiresorptive agent, might prevent the decrease in serum PTH and allow one to determine whether the increased sclerostin in bed rest is independent of serum PTH.
Although RANKL has been implicated in the mechanism of osteocytic regulation of mechanical unloading (8), we observed no change in the circulating serum levels of RANKL, OPG, or the RANKL/OPG ratio. However, the RANKL-OPG pathway primarily exerts effects at the cellular level (8) , which may not be adequately reflected in the serum.
Several limitations of this study merit mention. We studied only young men, and thus the results cannot be generalized to women or to older men. Our study relies on measurements of circulating sclerostin, whereas sclerostin is thought to exert primarily paracrine effects. Although circulating sclerostin levels are strongly correlated with marrow plasma levels of sclerostin (18, 19) , it is still possible that peripheral measurements of sclerostin do not reflect changes in the bone tissue.
Despite these limitations, the strengths of this study include the longitudinal assessment of sclerostin at multiple time points, controlled exposure to bed rest, controlled diet, and uniform study population.
Conclusion
In conclusion, serum sclerostin levels increased significantly in healthy young men exposed to 90 d of head down tilt bed rest. Bed rest was also associated with a decrease in serum PTH, an increase in bone resorption markers, and a decrease in BMD at weight-bearing sites. These are the first data to show the acute, longitudinal changes in serum sclerostin in response to bed rest. Given the key role that sclerostin plays in mediating bone metabolism and formation, additional studies exploring the regulation of sclerostin in disuse are warranted, particularly given the emergence of anti-sclerostin pharmacological therapies.
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